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We show that previously observed large disorder potentials in magnetic microtraps for neutral
atoms are reduced by about two orders of magnitude when using atom chips with lithographically
fabricated high quality gold layers. Using one dimensional Bose-Einstein condensates, we probe the
remaining magnetic field variations at surface distances down to a few microns. Measurements on
a 100 µm wide wire imply that residual variations of the current flow result from local properties of
the wire.
PACS numbers: 39.90.+d, 03.75.Be
Trapping and manipulating cold neutral atoms in mi-
crotraps near surfaces of atom chips is a promising ap-
proach towards a full quantum control of matter waves on
small scales [1]. In a number of experiments a variety of
trapping, guiding and transporting potentials have been
realized using current carrying wires [2, 3, 4, 5, 6, 7, 8],
atom manipulation with electric fields was integrated on
an atom chip [9], coherent dynamics of internal atomic
hyperfine states was observed [10] and easy formation
of Bose-Einstein condensates (BEC) was demonstrated
[11, 12, 13, 14].
The full potential of atom chip experiments is only ac-
cessible if the potentials can be miniaturized to a scale
of typically 1 µm or below where appreciable tunnelling
rates between separated traps can be reached, and effi-
cient atom-atom coupling between atoms in neighboring
trap sites [15] can be achieved. While the fabrication of
structure sizes< 1 µm is not problematic, unintended po-
tential roughness has been reported to severely alter the
trapping at surface distances d below ∼ 100 µm, result-
ing in a longitudinal fragmentation of elongated clouds
[16, 17, 18, 19]. Such disorder potentials have been ob-
served near macroscopic wires and atom chips fabricated
by electroplating techniques [20, 21, 22].
Strongly confining trapping and guiding potentials on
atom chips are formed by the subtraction of two magnetic
fields, the field of a current carrying wire and a (homo-
geneous) bias field (side guide configuration [23]). The
remaining field at the potential minimum is determined
by the angle between wire field and bias field. A small
change of the current direction may result in a significant
change in the trapping potential.
The observed disorder potentials have been attributed
to inhomogeneous magnetic field components ∆B in the
direction parallel to the current carrying wire creating the
trapping field B [16, 17, 18, 19]. It has been suggested
that such field components could be derived from fab-
rication inhomogeneities, surface roughness [24, 25] and
residual roughness of the wire borders [26]. The model of
Wang et al. [26] provides a full quantitative explanation
FIG. 1: In situ absorption images of atom clouds positioned
at a chip surface distance of ∼ 5 µm above a current carry-
ing wire (cross section 3.1 × 10 µm2). Parts of the images
do not fully represent the atom density distribution since the
imaging light beam was obstructed by bonding wires (hatched
regions). a) Thermal atoms show no fragmentation. b) BECs
display a much higher sensitivity and residual disorder poten-
tials cause a fragmentation of the cloud. c) A longitudinal
displacement of the BEC by tuning the trapping potential
shows that the disorder potential is stable in position.
of the potentials found near electroplated gold wires [19].
In this Letter, we report on a dramatic reduction of the
disorder potentials in our experiments. For cold thermal
atoms (T ∼ 1 µK) we do not observe fragmentation of
the trapped clouds even when they are brought to dis-
tances of 3 µm from the surface of a current carrying
wire. Yet, we are able to measure a small residual po-
tential roughness near the wire by creating BECs close
to the surface (Fig. 1).
We attribute this reduction of the disorder potentials
to our atom chip fabrication method. We obtain chips
with very smooth wire structures by adapting a standard
microchip fabrication process to the production of our
atom chips [27, 28]. Masks written by electron beam
lithography are used to structure a several micron thick,
high quality gold layer on a semiconductor wafer using
a lift-off procedure. The result is a smooth gold mirror
with precise gaps defining the current path in the wire
[1, 7, 27]. Fig. 2 shows electron microscope images of the
gold surface and the wire edges.
In our experiment, more than 108 87Rb atoms are ac-
cumulated a few mm from the chip surface which serves
directly as a mirror for a reflection magneto-optical trap
(MOT) [2]. These atoms are subsequently transferred to
2FIG. 2: Scanning electron microscope images of the chip wire
surface (left) and edges (right). The grain sizes of < 100 nm
determine both the surface and edge roughness.
a purely magnetic trap and cooled to ∼ 5 µK by radio fre-
quency (RF) evaporation. Both the MOT and the mag-
netic trap are based on copper wire structures mounted
directly underneath the chip [29]. The resulting sample
of >
∼
106 atoms is then loaded to the selected chip trap
and location, where a second stage of RF evaporative
cooling creates either a BEC or thermal cloud just above
the critical condensation temperature.
We image the atomic clouds near the surface in situ by
resonant absorption imaging with ∼ 3.5 µm resolution.
In order to determine the cloud’s distance from the sur-
face d, we slightly incline the imaging light with respect
to the chip mirror surface by ∼ 25 mrad. For sufficiently
small d (< 100 µm) this leads to a duplicated absorption
image [14] (Fig. 3).
While the wire currents are very well known, the
strength of the external bias fields has to be calibrated
with measurements of d at sufficiently large d. As our
imaging resolution does not allow to measure d for very
close surface approaches, we use the calibrated values of
the bias fields together with the measured wire currents
to infer d in these cases.
We have probed the residual potential roughness for
various trapping geometries based on a 100 µm and sev-
eral 10 µm wide wires at atom-surface distances down to
3 µm. The global parameters of the atomic cloud like
atom number and temperature are determined by the
ballistic expansion of the cloud in time-of-flight measure-
ments.
With thermal atoms we always observe smooth lon-
gitudinal absorption profiles inside the trap (Fig. 1a),
independent of the wire used to form the trap and the
position of the atomic cloud. For the closest approach of
d = 3 µm, a cloud at T = 1 µK remains un-fragmented
within our detection resolution, even when summing up
many realizations of the experiment to reduce measure-
ment noise. Assuming that the atomic density profile
follows the Boltzmann distribution n ∼ exp(−V/kBT ),
we can put an upper limit to the residual magnetic field
roughness ∆B/B < 2 × 10−4 where B is the field pro-
duced by the wire at that distance.
BECs are a much more sensitive probe of potential
roughness. The relevant energy scale, given by the chem-
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FIG. 3: Distance d of the BEC from the (mirror) chip surface
as a function of wire current (3.1 × 100 µm2 wire). Atoms
near the surface produce a double image when illuminated by
an inclined imaging beam as shown in the inserts a)-c). The
imaging beam together with the chip surface produces a fringe
pattern that makes distance measurements less reliable for
certain surface distances (b). For clouds closer than ∼ 5 µm
from the surface, the two images merge (d). To determine
d also in these cases we use an extrapolation according to a
best fit (solid line) with the exact bias field strength as only
fitting parameter. The fitting model takes the finite size of
the wire into account.
ical potential µ, can be orders of magnitude smaller
than the temperature of thermal atoms. Figs. 1b and
c show typical absorption images of fragmented BECs at
d = 5 µm from one of the 10 µm wide wires. Altering
the longitudinal confinement by varying the current in an
independent auxiliary wire leads only to an overall dis-
placement of the cloud while the local disorder potential
variations remain stable in their positions. Over many
months of experiments no change was observed in the
position of the fragments.
The inserts of Fig. 3 show absorption profiles of BECs
at various heights d above the 100 µm wide wire. As the
surface is approached, the longitudinal trapping poten-
tial becomes flatter, thus the BECs extend over a longer
stretch of the wire. As d is increased, the strength of the
disorder potentials is reduced and the typical length scale
of fragmentation increases. For d >
∼
30 µm, virtually no
fragmentation is detected, even with a BEC.
For a quantitative analysis, we extract longitudinal
density profiles n1d from the in situ absorption images
and calibrate them with the absolute atom number de-
rived from time-of-flight images taken under equal exper-
imental conditions. For n1d <∼ 100 µm
−1 (87Rb atoms),
the confinement is of one dimensional (1d) character, i.e.
the transverse single particle ground state energy exceeds
the chemical potential µ of the BEC. In our experiments
this condition is always fulfilled, and the actual potential
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FIG. 4: (color online) Longitudinal potential profiles mea-
sured with BECs at a constant distance of d = 10 µm from
the surface of the 100 µm broad wire. The different traces
were measured at different currents and are normalized to
the respective trapping fields. The bias field (10 G, 20 G,
30 G; black dotted, solid green, dashed red lines, respectively)
was adapted in order to keep d constant. The insert shows a
histogram of the deviations of the curves. The width of the
distribution (σ ∼ 8×10−6) is similar to the shot to shot vari-
ations of different realizations of the same experiment with
equal wire currents.
experienced by the atoms can be reconstructed accord-
ing to V (x) = −2h¯ω⊥ascatn1d(x) where ascat ≈ 5.6 nm
is the 87Rb scattering length. This expression is derived
under the assumption of a constant (global) µ in a 1d
Thomas-Fermi (TF) approximation [30]. This is strictly
valid only in an equilibrium state of the system. This may
not be the case in our experiment over the entire length
of the BEC (∼ 1 mm). Similar to the observations pre-
viously made in an optical dipole double well potential
[31], a variation of µ on longitudinal length scales > 200
µm is maintained longer than the life time of the BEC
if strong potential barriers separate the different frag-
ments of the condensate. We have confirmed the validity
of the TF-approach for shorter wavelength components
by monitoring the n1d(x) profile over the entire lifetime
of the condensate. We observe that the reconstructed
potential fluctuations at wavelengths <
∼
200 µm remain
constant. We limit the further analysis to length scales
shorter than 200 µm.
To assess whether the observed disorder potentials are
magnetic in origin we have varied the wire current while
adapting the bias field so that the BECs were trapped at
fixed distances from the wire. Magnetic disorder poten-
tials stemming from an irregular current flow should scale
linearly with the current in the wire I. Figure 4 shows
an example of relative potential variations ∆B/B recon-
structed from BECs positioned at d = 10 µm for three
different currents. To quantify the consistency between
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FIG. 5: (color online) Spectral power density of the disor-
der potentials near the 100 µm wide wire for three spatial
frequencies. The open symbols correspond to data where the
detected signal is limited by the chemical potential µ of the
BEC. For these data points the complete depth of the po-
tential cannot be measured, and they were omitted in the
analysis. The solid lines are best fits according to a local fluc-
tuating current path model, the dashed lines show best fits to
the model outlined in [26]. For both models the only fitting
parameter is the strength of current path fluctuation at the
respective spatial frequency k.
the measurements, we compare the shot to shot varia-
tions of ∆B/B with equal currents to those with different
currents. We find equal widths of the residual differences
between the graphs. We conclude that within the statis-
tical similarity of the ∆B/B distributions (∼ 3× 10−6),
we can exclude any current independent sources of dis-
order potentials such as electrostatic patch effects [32] at
the scale of 10−13 eV for d > 5 µm.
In order to study the source of the irregular current
flow we have measured the variation of the disorder po-
tentials with d. Wires of two different widths, 10 µm
and 100 µm, were used. The main observation is that
the scaling of the amplitude and the frequency spectrum
of the disorder potentials with d for the two wires are
very similar. For d < 50 µm this would not be the case
if edge fluctuations were dominating as can be derived
from the edge fluctuation model [26].
For the 100 µm wide wire, Fig. 5 shows potential spec-
tral densities (PSD) of the disorder potential at three
different spatial frequencies k. In the examined d-range,
the potentials scale more strongly with d than they would
for dominating edge fluctuations [26] for all frequency
components. We interpret the clear difference in slope
of the experimental data and the wire edge model as an
indication that local current path deviations are impor-
tant. Such deviations can occur due to inhomogeneous
conductivity or top surface roughness [24, 25].
The simplest model taking local sources of current path
deviations into account is a current flowing along a nar-
4row irregular path below the atoms [33]. Such a model
gives reasonable agreement in the slope of the PSD as d
is increased as can be expected as long as d is small com-
pared to the relevant period 1/k. Applying this method
over the full spectrum (k > 1/200 µm−1), we obtain
a local current flow fluctuation spectrum that scales as
∼ 1/k2. Microscopically well characterized wires will
have to be fabricated and tested to develop a more re-
fined model explaining the disorder potentials caused by
local current deviations.
From our data and the simple local model we can esti-
mate the rms strength of the relative disorder potential
and scale it to different heights. At a surface distance of
d = 10 µm we find the rms ∆B/B = 3× 10−5 (< 10−5)
for spatial frequencies k > 1/200 µm−1 (k > 1/50 µm−1).
At d > 30 µm, where disorder potentials near electro-
plated wires have been measured, ∆B/B is significantly
smaller than the measurement sensitivity in our case
(5 × 10−6). This corresponds to a reduction by about
two orders of magnitude.
To conclude, we have investigated magnetic disorder
potentials near lithographically fabricated current car-
rying wires using quasi 1d BECs. The measured po-
tentials are orders of magnitude smaller than previously
observed in other atom chip experiments, which we at-
tribute to our different chip fabrication method resulting
in much smoother and much more homogeneous wires.
We have strong evidence that the remaining potential
roughness can be attributed to deviations of the current
flow from its nominal path through the wire. We find
that in addition to wire edge roughness local fluctuations
can be a dominating source of the disorder potentials.
Our method has a sensitivity for ∆B/B of better than
10−5 for a single point measurement, corresponding to a
deviation of the local current path smaller than 10−5 rad.
The strong scaling of the magnetic field fluctuations with
spatial frequency indicates a dominance of large scale in-
homogeneities which can be dealt with by improving the
fabrication. The smallness of high frequency fluctuations
opens up the way to µm scale quantum manipulation on
atom chips.
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